ABSTRACT: A set of nuclear single nucleotide polymorphisms (SNPs) and microsatellite markers was used to detect genetic stock structure among 5 Pacific green turtle Chelonia mydas nesting populations. We sampled populations in the Galapagos Islands, Ecuador (n = 57), Colola, Mexico (n = 75), French Frigate Shoals, Hawaii (n = 141), Yap, Micronesia (n = 73), and Wan-an, Taiwan (n = 57), to represent eastern, central, and western Pacific regions. A combination of 29 single independent SNPs and linked SNPs combined as haplotypes were used for a total of 20 independent markers. In addition, 8 polymorphic microsatellite markers were applied to the same sample set. Both sets of nuclear markers confirmed significant differentiation between all sampled populations in the 3 Pacific regions (p ≤ 0.001). The use of these SNPs and microsatellites resulted in sufficient power to detect small population differences not seen in previous studies using smaller numbers of nuclear markers. Our results suggest that male-mediated gene flow between regional nesting stocks is more limited than previously believed, allowing the potential to delineate stocks more clearly. Finally, we discuss the value of SNP markers as an alternative or complement to other nuclear markers such as microsatellites for the examination of stock structure.
INTRODUCTION
The use of genetic information may aid in understanding the population structure and reproductive behavior of highly migratory species. Forces affecting dispersal, either extrinsic, such as environmental influences, or intrinsic, such as innate behavior, may have substantial effects on the genetic structure of populations (Greenwood 1980) . While dispersal potential is particularly high in the marine environment, many highly mobile marine species show significant degrees of population structuring. For example, resource specialization in North Atlantic killer whale populations corresponds with genetic differentiation in the absence of physical barriers to gene flow (Foote et al. 2011) . In addition, a genetic study of highly migratory humpback whales in the North Pacific revealed low nuclear differentiation and higher structuring among feeding grounds with mitochondrial DNA (mtDNA) markers (Baker et al. 1998 ).
The green turtle Chelonia mydas is another example of a highly migratory marine species with a complex life history. The green turtle is globally distributed in tropical and subtropical waters. Some threats to marine turtles include fisheries bycatch, over-harvest of eggs, meat or other turtle products, and coastal development (Wallace et al. 2011) . Various life stages are spent in different oceanic habitats, and once sexually mature, individuals migrate extensively between foraging sites and rookeries (Meylan 1982 , Carr 1986 . While female green turtles are known to exhibit philopatry when nesting, there are limited data to suggest that males exhibit the same natal homing reproductive behavior (FitzSimmons et al. 1997a,b) . Even if males return to natal regions to breed, they could still provide a means for gene flow among nesting populations if mating were occurring during migration or within mixed foraging aggregations (FitzSimmons et al. 1997b) . To investigate the breeding strategy of males, nuclear (nDNA) markers can be used to assess the level of male-mediated gene flow and population subdivision. Due to the complex life history exhibited by C. mydas and the Endangered and Threatened IUCN status of all of its populations globally (excepting Hawaii), a clear understanding of population connectivity is critical for proper management strategies (Seminoff 2004 , Wallace et al. 2011 . Marine turtles have generally been listed globally under IUCN threats categories and the US Endangered Species Act, although there is a growing need to identify other smaller units to conserve below the species level that address regional and local patterns of diversity and adaptation. This requires the ability to assess whether populations are spatially and biologically distinct (Waples & Gaggiotti 2006 , Taylor et al. 2010 , Wallace et al. 2011 . Genetic information as a complement to monitoring and tagging can enhance our understanding of ecology and life history and ultimately aid in the definition of conservation units for a more comprehensive management strategy for green turtles.
Numerous methods have been used to detect movements and interactions among sea turtle populations. Tagging experiments have revealed strong nest site fidelity, in which females return faithfully to the same rookery to nest in consecutive breeding seasons (Carr 1967 , Encalada et al. 1996 . In addition, the use of mtDNA markers has complemented tagging studies by confirming female philopatry and maternal population subdivision in green turtles (Meylan et al. 1990 , Norman et al. 1994 , Encalada et al. 1996 , FitzSimmons et al. 1997a ,b, Dethmers et al. 2006 . Bowen et al. (1992) conducted a study of mtDNA restriction site markers including samples representing 15 green turtle nesting locations from every major ocean basin inhabited by Chelonia mydas: Atlantic, Mediterranean, Indian, and Pacific. This analysis suggested limitations to female-mediated gene flow among rookery populations. Another study of mtDNA control region sequences among 27 green turtle rookeries in the Indo-Pacific Ocean region (Dethmers et al. 2006 ) revealed 25 distinct haplotypes, and subsequent analysis indicated 17 genetically distinct breeding stocks. While these studies provided useful information about the geographical scale of genetic exchange among rookeries, the results were confined to female lineages (mtDNA) and could not address unresolved questions concerning male-mediated gene flow or the mating system as a whole , Karl et al. 1992 .
Additional research included restriction fragment length polymorphism (RFLP) analysis of single-copy nuclear DNA (Karl et al. 1992) , the sequencing of nuclear loci (Karl & Bowen 1999) , and investigation of the mitochondrial cytochrome b, ND4-leucine, and the control region containing the displacement loop (D loop) (Bowen et al. 1993 . These studies aimed to detect higher resolution of genetic variation among regional breeding populations of Chelonia mydas. The Karl et al. (1992) nuclear RFLP study revealed weak subdivision among proximate nesting populations, from which they inferred that a significant amount of male-mediated gene flow occurs between maternally isolated regional populations. With 4 microsatellite loci, Roberts et al. (2004) found a higher level of interoceanic versus intraoceanic population subdivision, which was principally in agreement with Karl et al. (1992) and Bowen et al. (1992) , suggesting that intraoceanic populations are connected by gene flow principally through male dispersal. While informative, the lack of differentiation found in these earlier studies may have been due to the low number of nuclear microsatellite markers (Bernatchez & Duchesne 2000) .
In contrast, studies by FitzSimmons et al. (1997a,b) using mtDNA control region sequences and microsatellites found evidence of significant genetic differences among Chelonia mydas rookeries located around the Australian coast. These studies, while on a smaller geographic scale, show genetic support for male philopatry and limited male-mediated gene flow between some C. mydas populations. While they provide useful information, the conclusions of recent nuclear DNA studies are only weakly supported given the small sample sizes and limited marker sets that have been used. This suggests the need for more extensive and statistically powerful genetic analysis of biparentally inherited nuclear markers among marine turtle populations to clarify the boundaries of genetically distinct populations and assess nuclear gene flow between maternally isolated rookeries .
Single nucleotide polymorphisms (SNPs) show great promise as a common type of polymorphism in many genomes. An SNP is the result of a single nucleotide mutation event altering the sequence of a DNA molecule; they typically occur every 300 to 1000 bp in most genomes (Aitken et al. 2004 ). Green turtles were found to have 1 SNP every 75 screened nucleotides (Roden et al. 2009 ). The relatively high prevalence of SNPs compared with microsatellites creates the potential for the discovery and screening of high numbers of loci. In addition, SNPs show great promise as a nuclear marker to ultimately replace microsatellites, due to higher data quality and genotyping efficiency for population and evolutionary studies (Aitken et al. 2004 , Morin et al. 2004 , Morin & McCarthy 2007 .
SNP genotyping assays (N = 29) developed and optimized by Roden et al. (2009) and microsatellites (N = 10) characterized by Dutton & Frey (2009) were used to test for population structure among 5 Pacific Chelonia mydas nesting populations throughout the Pacific Ocean. Our goal was to compare the level of differentiation and patterns of variation detected with these 2 classes of nuclear markers to build on previous mtDNA studies in order to obtain a more holistic understanding of gene flow and understand how males might be dispersing and contributing to the mating system among our sampled rookeries. Results of this study are particularly relevant to delineating the appropriate population units for conservation.
MATERIALS AND METHODS

Sampled populations and DNA extraction
A total of 403 genetic samples from nesting beaches in Colola, Mexico; French Frigate Shoals, Hawaii, USA; Galapagos Islands, Ecuador; Wan-an, Taiwan; and Yap, Federated States of Micronesia, were collected from 1995 to 2007 to represent eastern, central and western Pacific Chelonia mydas populations (Fig. 1 ). Blood and tissue samples were collected from nesting female green turtles by methods outlined in Dutton (1996) . Upon collection, each individual's flipper tag or passive integrated transponder tag was recorded to avoid repeat sampling. Specimens included packed red blood cells that were frozen or stored in lysis buffer and small skin biopsies preserved in either 20% dimethyl sulphoxide solution saturated with sodium chloride or a saturated sodium chloride solution in distilled water (Dutton 1996) . DNA was extracted from collected tissues using a variety of methods, including silica-based filter purification (Qiagen), standard phenol/chloroform ex traction, and blood lysis buffer extraction (Grimberg et al. 1989 ).
Genotyping and analysis
All population samples were genotyped for 29 SNP loci as characterized in Roden et al. (2009) . As a quality control measure, each genotyping assay run included at least 5 positive control samples of known genotype and 2 negative controls representing a multiplex blank and genotyping reaction blank. Error rates were calculated based on conflicting genotypes after duplicate genotyping. The per-allele error rate was calculated as the ratio of the differing replicated alleles to the total number of alleles ). Samples with > 20% missing genotype data were removed from analysis. In addition, genotype data were generated for the same sample set with 10 microsatellite loci previously found to be variable in green turtles (Dutton & Frey 2009 ). Microsatellite markers included A6, B108, B116, C102, D1, D115, D2, and D108 (Dutton & Frey 2009 ), along with D102 (F: TCA TGG ATC TTA AAA GCA CAG, R: TTT CTG GAC ATC AGG AGA GTA T) and D107 (F: CCT TTC ATC CTT CAG CAG T, R: GGC TTT GCC TTG TGT ATT T). PCR amplification, fragment separation, and size analysis were performed according to methods outlined in Dutton & Frey (2009) . To facilitate normalization of allele sizes, standard reference samples with known genotypes were included with each run.
Both SNP and microsatellite data sets were screened for excess homozygosity and genotypes that were highly influential on overall Hardy-Weinberg equilibrium (HWE) within each population with a jackknife analysis ) and Bonferroni correction for multiple comparisons. Influential individual genotypes were considered to be potential errors and regenotyped. After investigation, suspect genotype errors were either verified through replication or removed from further analysis due to ambiguous results.
All SNP and microsatellite loci were analyzed for linkage disequilibrium using Arlequin 3.1 (Excoffier et al. 2005) . SNPs discovered within the same screening locus, and therefore known to be linked, were combined into haplotypes using the program PHASE v.2.1 (burn-in = 5000, iterations = 10 000, thin = 10, probability threshold = 0.5) (Stephens et al. 2001 , Stephens & Donnelly 2003 .
Several divergence metrics were calculated for each data set, in addition to both data sets combined. Calculations of the fixation index (F ST ) (Weir & Cockerham 1984) and an unbiased analog of the fixation index (G" ST ) (Meirmans & Hedrick 2011) , were performed using custom scripts coded in R (v.2.1.3.0) (R Development Core Team 2011). For all analyses, 1000 permutations were used to calculate p-values. An unweighted pair group method with arithmetic mean (UPGMA) consensus tree of the combined SNP and microsatellite F ST values was constructed using the program MEGA v.5.05 (Tamura et al. 2011) .
RESULTS
SNPs
Genotypes were successfully generated for 353 individuals across 29 SNP loci. We removed 15 samples prior to analysis due to a genotyping success rate of < 80%. Replicate analysis of the green turtle SNP data indicated a per-allele error rate of 0.5%. No SNP locus pairs showed significant linkage across all 5 populations other than ones from loci known to be physically linked from our SNP discovery sequencing (Roden et al. 2009 ). Nine locus pairs known to be linked were combined into haplotypes using the program PHASE v.2.1 (Stephens et al. 2001 , Stephens & Donnelly 2003 . Phased haplotypes were inferred according to known linkage associations as described in Roden et al. (2009) , except that SSCM4 was not phased into a 3-SNP haplotype with SSCM10 and SSCM10b due to no evidence of significant linkage disequilibrium in these analyses. After phasing of linked SNPs, 20 loci (nine 2-SNP haplotypes and 11 independent SNP markers) were analyzed for population structure. Taiwan, Yap, and Galapagos nesting populations were in HWE across all SNP loci. The Hawaiian and Mexican populations each had 1 phased marker out of HWE (SSCM10_SSCM10b and SSCM22b, respectively). Population pairwise F ST and G" ST comparisons showed statistically significant differences across all populations (p ≤ 0.001; Table 1 ).
Microsatellites
Genotypes were generated for 308 individuals across 10 microsatellite loci. Two loci, D108 and B116, each deviated significantly from HWE in at least 4 out of the 5 analyzed populations and were removed from further analysis. In addition, locus D1 was significantly out of HWE in 2 of the 5 study populations; however, it was not omitted from further analysis as it was not significant enough to show up in all populations. None of the microsatellite locus pairs analyzed showed significant linkage (p < 0.05) across all 5 populations, though 6 locus pairs were significant across 2 populations. Population pairwise F ST and G" ST comparisons with 8 microsatellite loci indicated statistically significant differences across all populations (p ≤ 0.001; Table 1 ). F ST and G" ST population pairwise differences were also calculated without locus D1 in the data set, and all population comparisons remained significantly different (data not shown).
The combined SNP and microsatellite results revealed a similar pattern of significance and structure seen with either data set alone. The highest degree of structure was found between Mexico and Yap (G" ST = 0.248), while the weakest structure was found when comparing Galapagos and Mexico (G" ST = 0.007; Table 1 ). A UPGMA consensus tree of genetic relationships based on combined F ST values revealed 3 distinct clusters; the first included Galapagos and Mexico, the second clustered those 2 with Hawaii, and the third included Taiwan and Yap (Fig. 2) .
DISCUSSION
The statistically significant differences found between the population pairs in the Pacific sample set for both SNPs and microsatellites provide genetic evidence of limited male-and female-mediated gene flow. These findings advance previous research on population connectivity and male green turtle behavior and provide evidence of male philopatry, documented previously only through genetic testing of Chelonia mydas along the Australian coast (FitzSimmons et al. 1997a,b) . The existence of male-mediated gene flow has been assumed for green turtle populations in past studies as an explanation for low genetic structuring found with nuclear markers (Roberts et al. 2004) . Our results contrast with those of previous nuclear studies that did not find significant population subdivision among maternally distinct populations within the Pacific based on 4 microsatellite loci (Roberts et al. 2004 ). The structure we detected with SNPs and microsatellites is undoubtedly a result of increased statistical power of the tests due to the use of higher numbers of markers and larger sample sizes than the previous studies. These data revaluate the use of nuclear markers in green turtle population dynamics. While significantly different, the populations tested represent a broad geographical range, and further work is needed to examine structuring on a finer scale, particularly among the numerous nesting populations scattered throughout the western Pacific (Dethmers et al. 2006) . Meirmans & Hedrick's (2011) G" ST was used as an F ST analog due to concerns over the limitations of F-statistics with highly variable loci, especially when markers with different mutation rates or differing levels of heterozygosity are compared. By including G" ST , it was possible to examine the impact of the number of alleles, mutation rate, and heterozygosity levels on estimates of population differentiation. G" ST is less affected by heterozygosity and therefore can be used as a more appropriate measure to compare results from markers with different numbers of alleles, such as SNPs and microsatellites. Therefore, based on Meirmans & Hedrick (2011) , F ST is an appropriate measure of differentiation with no standardization necessary for SNP data, while G" ST may be more suited to the multi-allelic microsatellite results. As expected, G" ST values here were similar to F ST values for SNPs but substantially elevated for microsatellites (Table 1) . These data are consistent with results of mtDNA studies that indicate similar regional structuring among Pacific Chelonia mydas nesting populations (Dethmers et al. 2006) . The F ST and G" ST results from our SNP data indicated that the lowest level of population differentiation was found between the geographically proximate eastern Pacific populations Mexico and Galapagos, as well as between the western Pacific populations Taiwan and Yap. Our microsatellite data F ST and G" ST results were able to detect greater population subdivision between Taiwan and YAP when compared with SNPs, but the level of substructuring, while significant, was not as pronounced between the Galapagos and Mexico rookeries. These results therefore suggest a greater extent of connectivity between the latter 2 populations relative to the others, possibly due to geographical proximity or shared migration and foraging sites. An additional factor to be considered is that the greater genetic connectivity among the regional rookeries may indicate recent shared ancestry and therefore evolutionary connectivity as opposed to ongoing gene flow . Pairwise F ST values from mtDNA (and therefore maternal lineage) haplotype frequencies published for the same rookeries used in our study indicate similar patterns, with greater connectivity between Galapagos and Mexico (F ST = 0.21) relative to the other central and western Pacific rookeries (F ST = 0.44−0.99) (Dethmers et al. 2006 , Cheng et al. 2008 , which likely reflect the more recent colonization by green turtles in the eastern Pacific. Furthermore, simulation studies have shown that F ST values can be substantially higher in mtDNA when compared with nDNA between populations that have recently diverged, before eventually converging at equilibrium (Karl et al. 2012) . The relatively low level of detectable nuclear differentiation may not reflect the higher discreteness detected by mtDNA analysis if isolation (through colonization) has occurred relatively recently and the populations are not yet in equilibrium. This is the first study to examine population structure in a marine turtle species using SNPs. In addition, this study compares population subdivision between 2 different molecular marker types. Our results show that SNPs are as effective as microsatellites at detecting statistically significant differences among distant nesting populations and are consistent with general speculation that approximately 3 times as many SNPs would be needed in comparison to microsatellites to estimate population genetic parameters with statistical confidence (Brumfield et al. 2003) . Moreover, SNPs offer additional benefits over microsatellite genotyping that include more costeffective genotyping methods, the ability for data to be easily shared and replicated across laboratories over time, and the capability to genotype poor-quality and historical samples. In addition, SNP data can be interpreted in a more straightforward manner in population genetic studies due to their simple mutation models and low levels of heterozygosity. We propose that SNP genotyping offers an efficient and useful method to address questions about the population structure of marine turtles as a complement to or replacement of existing microsatellite studies of this species.
Conservation implications
Sea turtles have complex life histories where adults breed at rookeries and migrate to foraging grounds that are usually shared with animals from multiple genetic stocks (Lahanas et al. 1998 . A recent comprehensive study based on mtDNA analysis of green turtles found that the foraging populations around the Hawaiian Archipelago all comprised 1 genetic stock that belonged to the single Hawaiian breeding population at French Frigate Shoals . Our microsatellite and SNP results are consistent with the reported mtDNA findings and reinforce the view that Hawaiian green turtles represent a central North Pacific genetic management unit that is biologically and spatially distinct from other management units in the Pacific. In the eastern tropical Pacific, however, satellite, tagging and genetic studies suggest mixing of animals from different nesting populations at foraging grounds (Green 1984 , Amorocho et al. 2012 . Post-nesting migration of female green turtles from the Galapagos Islands included north-bound migration to Central America, residency in the Galapagos, and dispersal to oceanic waters southwest of Galapagos, illustrating the variability of migratory strategies to different foraging habitats within a single breeding population (Seminoff et al. 2008) . Although breeding is generally believed to occur adjacent to the nesting beaches when females are reproductively receptive, the overlapping foraging areas perhaps offer greater opportunity for a low level of male-mediated gene flow between Galapagos and Mexico than between Hawaii and the eastern Pacific rookeries, and should not be ruled out as a potential factor contributing to the lower differentiation.
This study clearly demonstrates that on a broad regional scale, green turtle nesting populations in the western, central, and eastern Pacific are well-differentiated stocks that need to be managed accordingly. Our results suggest a stronger sub-division among regional stocks, improving our understanding over earlier studies, and confirm the model of gene flow proposed by Dutton et al. (2008) based on mtDNA, which indicates that green turtles in the Hawaiian Archipelago comprise a single distinct Pacific stock. Furthermore, understanding the links between foraging areas and breeding sites from which animals originate is of great importance to developing holistic conservation strategies for this trans-boundary species through genetic studies (Amorocho et al. 2012) . Characterizing the genetic signatures of rookeries with an array of informative nuclear markers will improve capacity for stock assignments of turtles in mixed foraging aggregations, or those caught incidentally in fisheries, to better assess the impacts of threats to specific populations . Future study to include additional key Pacific rookeries will provide a greater understanding of the connectivity between nesting and foraging aggregations and define stock boundaries to properly implement policy planning at the regional, national, and international levels (Wallace et al. 2011) .
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